glucose uptake (27) . In pathological conditions such as ischemia, massive and prolonged hemichannel opening may induce or accelerate cell death (23) , probably due to losses of important metabolites such as ATP, amino acids and reduced glutathione, loss of ion gradients, and entry of Ca 2ϩ (4, 28) . The open probability (P o ) of hemichannels is modulated by intracellular and extracellular signals, including plasma membrane voltage (5) , extracellular divalent ion concentration (32, 35) , cytoplasmic pH (15, 17) , phosphorylation (1, 2) and redox potential (19 -22) . Regulation of ion channel gating involving direct interactions between neighboring ion channels (channel cooperativity) has been described (7) (8) (9) . Cooperative behavior has been observed in P2X2 (8, 9) , acetylcholine receptor (12) , and hyperpolarization-activated cyclic nucleotide-gated channels (7), as well as gap junction channels formed by connexin30 (Cx30) (34) and hemichannels formed by Cx32 (11) . The cooperative behavior of Cx32 hemichannels reconstituted in lipid bilayers is related to the number of open hemichannels and was observed at both positive and negative voltages (11) .
In this study, we found that Cx46 hemichannels present cooperative-like behavior (which we refer to as facilitation) when expressed in Xenopus laevis oocytes subjected to repetitive voltage pulses. Hemichannels formed by wild-type Cx46 or a COOH-terminal domain deletion mutant (Cx46⌬CT) display a progressive increase in the amplitude of outward currents and tail currents (i.e., current facilitation) when depolarized repeatedly. This process was dependent on the amplitude of the depolarization, the interval between pulses, and extracellular Ca 2ϩ concentration ([Ca 2ϩ ]).
MATERIALS AND METHODS
Plasmids, cRNA preparation, and injection into Xenopus laevis oocytes. In the present studies, we employed wild-type rat Cx46, provided by Dr. Lisa Ebihara (14) , and Cx46⌬CT (truncated after Gly240). Details about the engineering and some properties of wildtype and truncated Cx46 have been published (22) . Oocyte preparation, manipulation, cRNA production, and injection into the cells were performed as described (22) . Oocytes were studied 24 -48 h after injection of 12.5 ng of antisense Cx38 oligonucleotide alone, to reduce Cx38 endogenous expression, or in combination with 25 ng of cRNA coding for Cx46 or Cx46⌬CT.
Electrophysiological recordings and calculations. Hemichannel currents were measured as described (22) in oocytes bathed at room temperature with ND96 solution (in mM: 96 NaCl, 2 KCl, 1.8 CaCl 2, and 5 HEPES/NaOH, pH 7.4). Currents were elicited by rectangular pulses ranging from Ϫ60 mV to ϩ80 mV, in 10-mV steps, from a holding voltage of Ϫ60 mV. Duration and interval between pulses varied and are indicated in the text and/or figures. In the basic pulse protocol, oocytes were held at Ϫ60 mV and depolarized for 1.5 s with a ϩ80-mV pulse. At the end of this depolarizing pulse, voltage was returned to Ϫ60 mV, for 2.5 s. This cycle was repeated 25 times.
Statistical analysis. Results are expressed as means Ϯ SE, and n refers to the number of independent experiments. For statistical analyses, each treatment was compared to its respective control, and significance was determined using a one-way ANOVA or paired Student's t-test, as appropriate. Differences were considered significant at P Ͻ 0.05.
RESULTS
Wild-type and chimeric Cx46 show progressive outward current increases in response to repetitive depolarizing pulses. Under control conditions, when Xenopus oocytes expressing Cx46 hemichannels were depolarized from Ϫ60 to ϩ60 mV (10 mV steps) for 15 s (Fig. 1A) , a slowly activating outward current was observed, followed by a brief tail current upon repolarization to Ϫ60 mV (Fig. 1A) . In oocytes expressing Cx46⌬CT hemichannels there was a faster initial activation followed by a slower activation at ϩ60 mV (Fig. 1B) . At ϩ50 mV, the activation curves of Cx46 and Cx46⌬CT hemichannels were fit by a two-exponential function, yielding the following time constants: for Cx46 (n ϭ 14), 873 Ϯ 54 ms (fast) and 24,536 Ϯ 2,828 ms (slow); for Cx46⌬CT (n ϭ 7), 469 Ϯ 80 ms (fast) and 6,149 Ϯ 913 (slow). Truncation caused statistically significant decreases in the fast and slow time constants. The tail currents were also fit by a two-exponential function, yielding the following time constants: for Cx46 (n ϭ 14), 195 Ϯ 26 ms (fast) and 661 Ϯ 70 ms (slow); for Cx46⌬CT (n ϭ 7), 104 Ϯ 12 ms (fast) and 467 Ϯ 64 (slow). Again, the decreases in the magnitudes of the time constants elicited by the truncation were statistically significant. Therefore, truncation of the COOH-terminal domain accelerates both activation and inactivation of Cx46 hemichannels.
Next, oocytes were depolarized from Ϫ60 to ϩ80 mV for 1.5 s, 25 times, with 2.5-s intervals between the pulses (Fig. 2) . The consecutive pulses caused a progressive increase in the amplitude of the hemichannel current elicited by depolarization. We refer to this phenomenon as current facilitation. Tail currents also increase in response to consecutive pulses. Oocytes expressing Cx46 hemichannels displayed an outward current with slow activation in response to the first depolarizing pulse ( Fig. 2A, 1st ). Subsequent pulses elicited progressive increases in the activation rate and amplitude of the currents ( Fig. 2A) . On the 25th pulse, peak outward current values were 2.5 Ϯ 0.2-fold larger than those in response to the first pulse ( Fig. 2C ). When the number of pulses increased beyond 25, the current did not increase further (not shown). These data indicate the presence of facilitation induced by successive identical cell membrane depolarizing pulses. The records shown in In oocytes expressing hemichannels formed by Cx46⌬CT, the response to successive depolarizing pulses was qualitatively similar to that of Cx46 hemichannels (increases in the rate of activation and current amplitude; see Fig. 2B ). However, from pulse 4 and on, there was a slow current inactivation following the fast activation (Fig. 2B ), as previously observed (27) . Figure 2C shows that, relative to the peak currents in response to the first pulse, those following the 25th pulse were 3.1 Ϯ 0.3-fold larger, not different from those elicited in oocytes expressing wild-type Cx46.
Activation and inactivation were fit by two exponentials, which yielded the following time constants: for Cx46 activation, 96 Ϯ 11 ms (fast) and 1,247 Ϯ 170 ms (slow) for the first pulse, and 50 Ϯ 5 ms (fast) and 332 Ϯ 51 ms (slow) for the 25th pulse. First and 25th pulse results were significantly different for both time constants: for Cx46⌬CT activation, 16 Ϯ 3 ms (fast) and 149 Ϯ 4 ms (slow) for the first pulse and 12 Ϯ 2 ms (fast) and 46 Ϯ 4 ms (slow) for the 25th pulse. In this case, only the slow time constant differed significantly.
The time constants for inactivation of the tail currents in oocytes expressing Cx46 were 99 Ϯ 15 (fast) and 330 Ϯ 39 (slow). In oocytes expressing Cx46⌬CT, they were 113 Ϯ 10 (fast) and 267 Ϯ 60 (slow). Both sets of data correspond to the first pulses. The 25th pulse results did not differ significantly.
These results indicate that the facilitation phenomenon is accompanied by a shortening of the fast and slow activation time constants in wild-type Cx46 hemichannels, whereas in Cx46⌬CT hemichannels only the slow time constant is shortened. The inactivation time constants were the same for the 1st and 25th pulses for both Cx46 and Cx46⌬CT hemichannels.
Hemichannel current facilitation depends on the amplitude of the depolarizing voltage. To study the voltage dependence of the progressive hemichannel activation after successive depolarizing pulses, oocytes expressing Cx46 hemichannels were depolarized for 1.5 s, from Ϫ60 mV to ϩ20 mV, ϩ40 mV, ϩ60 mV, or ϩ80 mV, 25 consecutive times, with 2.5-s intervals between pulses. Figure 3 shows that depolarizations to ϩ20 mV produced significant increases in the outward currents elicited by consecutive pulses, with a significantly larger effect for Cx46⌬CT (P Ͻ 0.01). The average fractional increases in current amplitude elicited by ϩ40-, ϩ60-, and ϩ80-mV pulses were larger than those with 20-mV pulses for both Cx46 and Cx46⌬CT, but the slopes in the range 40 -80 mV were not different from zero. These results show a steep voltage dependence of the current facilitation in the 0 -20 mV range for Cx46⌬CT and in the 20 -40 mV range for Cx46.
Cx46⌬CT hemichannels also displayed voltage dependence of the current facilitation, which was similar to that observed in Cx46 hemichannels. However, at ϩ20 mV the facilitation of Cx46⌬CT was greater than that of Cx46 hemichannels (Fig. 3) . These results indicate that although the COOH-terminal domain is not necessary for hemichannel current facilitation, it influences the voltage dependence of the phenomenon at low voltages.
Cx46 hemichannel current facilitation is consistent with a cooperative effect dependent on the number of open hemichannels.
The number of open hemichannels appears to determine the cooperativity of Cx32 hemichannels (11) . Since Cx46 hemichannels are slowly activated by positive voltage pulses (Figs. 1 and 2A) , during brief pulses many hemichannels will not have enough time to open. To test the hypothesis that Cx46 current facilitation depends on the number of hemichannels open, we studied the effects of ϩ80-mV pulses of varied duration, ranging from 0.1 to 2 s (Fig. 4) . As shown in Fig. 2, 1 .5-s pulses elicited a clear facilitation, which was enhanced when pulse duration increased, and diminished with shorter pulses (Fig. 4A) . These results are summarized in Fig. 4B . There was no significant facilitation with pulses of 0.5 s or less, whereas longer pulses resulted in increasing Fig. 2 . Consecutive membrane-depolarizing pulses induce Cx46-hemichannel current facilitation. A: oocytes expressing Cx46 were depolarized 25 consecutive times from Ϫ60 to ϩ80 mV (1.5-s-long pulses, 2.5-s intervals). B: same experiment was performed with oocytes expressing Cx46⌬CT. Currents elicited by the 1st and 25th pulses are indicated. C: fractional currents [peak currents after each pulse (Ixth) divided by the current elicited by the first pulse(I1st)] as a function of the number of depolarizing pulses, in oocytes expressing Cx46 (n ϭ 14) and Cx46⌬CT (n ϭ 10). The current amplitudes (Cx46 vs. Cx46⌬CT) were significantly different for pulses 2-15 (P Ͻ 0.05). There were no statistical differences for pulses 16-25 (P Ͼ 0.05). Fig. 3 . Hemichannel current facilitation is affected by the amplitude of the depolarizing voltage. Oocytes were depolarized 25 times with 1.5-s pulses at 2.5-s intervals, from a holding voltage of Ϫ60 mV to a voltage ranging from ϩ20 to ϩ80 mV. Fractional currents (last pulse/first pulse) are depicted as means Ϯ SE from 10 oocytes expressing Cx46 (OE) and 10 oocytes expressing Cx46⌬CT (). The fractional currents elicited by ϩ20-mV pulses were significantly different (Cx46 vs. Cx46⌬CT, P Ͻ 0.005). current facilitation. Repetitive application of 30-s pulses also elicited significant facilitation (not shown). These data support the idea that either the number of activated hemichannels and/or the magnitude of the hemichannel current determine current facilitation. If current facilitation depends on the number of open hemichannels, it is also expected to decrease with the duration of the repolarization to Ϫ60 mV between depolarizing pulses. Oocytes expressing Cx46 were depolarized to ϩ80 mV for 1.5 s, for a total of 10 times, and after each depolarizing pulse, they were repolarized to Ϫ60 mV for variable times. Fig. 5 shows that when the oocytes were subjected to successive ϩ80-mV pulses for 1.5 s, with 2.5-s interval between pulses, current facilitation was observed (Fig. 5A, 2.5 s) . As the interval duration increased, current facilitation decreased (Fig. 5, A and B) . Similar results were obtained in oocytes expressing Cx46⌬CT (Fig. 5B) . The time constants of the facilitation were 5.6 s for Cx46 and 10.5 s for Cx46⌬CT.
Cx46 hemichannel-current facilitation depends on extracellular [Ca 2ϩ ]. Since extracellular divalent cations block hemichannel currents through decreases in open probability (P o ) (35) , upon maximal activation by removal of divalent cations, current facilitation by depolarizing pulses will occur only if it involves incorporation of hemichannels to the plasma membrane or activation of hemichannels that cannot be opened by divalent cation removal. Facilitation of Cx46 and Cx46⌬CT hemichannel currents was present at 5 mM extracellular [Ca 2ϩ ] (Fig. 6A ). Cx46 hemichannel currents did not display facilitation at ϩ20 mV, but they did at ϩ40 (P Ͻ 0.01 vs. 20 mV) and ϩ60 mV (P Ͻ 0.05 vs. 40 mV); with ϩ80 mV there was no additional change (Fig. 6 , A and C; compare to Fig. 3 ). Cx46 facilitation in 1.8 mM [Ca 2ϩ ] (see Fig. 3 ) was significantly different (P Ͻ 0.001) from that in 5 mM [Ca 2ϩ ] (Fig. 6C) . This indicates that the higher extracellular [Ca 2ϩ ] displaces the voltage dependence of the facilitation to the right. In contrast, Cx46⌬CT hemichannel currents displayed significant facilitation with ϩ20-mV pulses and there was no additional effect of larger pulses (Fig. 6, B and C) . This result indicates that the displacement of the voltage dependence of the facilitation by external Ca requires the presence of the COOH-terminal domain.
At ϩ80-mV depolarization in nominally Ca 2ϩ -and Mg
2ϩ
-free bath solution, Cx46 and Cx46⌬CT hemichannels showed a large outward current with the first pulse, and no facilitation with the following pulses (Fig. 6, B and C) . Figure 6C shows that there was no facilitation in the nominal absence of divalent cations, independently of the voltage applied. The simplest explanation for these results is that removal of divalent cations by itself elicits maximal activation of hemichannels at the plasma membrane, thus preventing facilitation. Therefore, facilitation occurs through activation of hemichannels responsive to Ca 2ϩ . Fig. 4 . The number of activated hemichannels determines the magnitude of the facilitation. A: oocytes expressing Cx46 were depolarized from Ϫ60 to ϩ80 mV with pulses of different durations, indicated over the current records. B: fractional currents at different pulse durations (n ϭ 6 each). With pulse durations Յ0.5 s there is no significant facilitation (P Ͼ 0.05). At times Ն1 s, current facilitation was observed (P Ͻ 0.01 for 0.5 vs. 1 s; P Ͻ 0.05 for 1.5 vs. 2 s).
DISCUSSION
Junctional currents between paired oocytes expressing Cx32 decreased progressively with successive depolarizing pulses of the same voltage, with recovery over several minutes (16) . The kinetics of the effects of repetitive pulses was remarkably similar to that observed by us on Cx46 hemichannels, but the effect of the repetitive voltage pulses was opposite in direction (16) . Cx32 hemichannels reconstituted in planar bilayers undergo complex relaxation upon positive-voltage pulses (11) . Of the three time constants detected, the slowest was shortened by increases in the number of channels, suggesting a cooperative effect mediated by intermolecular interactions. In studies of Cx30 gap junction channels in HeLa cells it was found that the rate of inactivation is slower in single channels vs. channel assemblies (34), also suggesting a role of intermolecular interactions in the regulation of gap junction channels.
Our data show that Cx46 hemichannel currents display facilitation in response to consecutive depolarizing pulses. This phenomenon was independent of the Cx46 COOHterminal domain since it was also observed in oocytes expressing hemichannels formed by the COOH-terminal domain truncation mutant Cx46⌬CT. Although the COOH terminus is not necessary for the facilitation, its presence influences the voltage dependence of the phenomenon; i.e., maximum currents after 25 depolarizing pulses are reached at different voltages in oocytes expressing wild-type Cx46 and Cx46⌬CT hemichannels. There were also differences in the kinetics of activation of Cx46 and Cx46⌬CT hemichannels. With Cx46, both fast and slow activation time con- In other studies of gap junction channels or hemichannels, no such facilitation was observed. Gap junction channels in rat Schwann cells gate independently of each other (6) . Furthermore, a comparative analysis of single channels and ensembles of Cx50 gap junction channels is consistent with a homogeneous population of noninteracting channels (31). ], the currents observed with Cx46 or Cx46⌬CT differed significantly at ϩ20 mV (P Ͻ 0.001) and ϩ40 mV (P Ͻ 0.01); there were no differences at ϩ60 or ϩ80 mV (P Ͼ 0.05).
C137
Cx46 HEMICHANNEL FACILITATION Hence, there are clear instances in which no voltage facilitation of gap junction channels is observed, indicating that this phenomenon is isoform specific. Studies with chimeric channels of isoforms that display and do not display facilitation will be of interest to identify the domain(s) responsible for the phenomenon.
The present studies indicate that a voltage facilitation phenomenon is present in Cx46 hemichannels and that it is modulated by factors known to affect Cx46 hemichannel gating. Our results also support the notion that Cx46 hemichannel current facilitation depends on the number of open hemichannels, as has been suggested for Cx32 hemichannels (11) . In response to ϩ20-mV pulses, the number of open Cx46 hemichannels is low and facilitation is absent. At voltage pulses at which the hemichannels are open more frequently, facilitation is clearly apparent. Consistent with the dependence of current facilitation on the number of open hemichannels, it increases with pulse duration and decreases with lengthening of the interval between pulses. A practical consequence of this result is that voltage pulses must be applied at intervals of at least 20 s to study the voltage response of Cx46 hemichannels in the absence of voltage-dependent facilitation. The molecular mechanism underlying the facilitation remains to be determined. A possibility is cooperativity between hemichannels, but another possibility is a signaling mechanism, such as a change in intracellular [Ca 2ϩ ], a possibility supported by studies of the effects of osmotic swelling of astrocytes on junctional conductance (25) .
Opening of Cx46 hemichannels induces or accelerates gap junction formation (34) , and hence facilitation could enhance this phenomenon. This may be a protective mechanism from the effect of hemichannel opening on the cells (26) . In the case of progressive activation, a number of hemichannels would move to intercellular adhesion regions to form gap junction channels, which are insulated from the extracellular space.
